Genetic recombination associated with sexual reproduction is expected to have important consequences for the effectiveness of natural selection. These effects may be evident within genomes, in the form of contrasting patterns of molecular variation and evolution in regions with different levels of recombination. Previous work reveals patterns that are consistent with a benefit of recombination for adaptation at the level of protein sequence: both positive selection for adaptive variants and purifying selection against deleterious ones appear to be compromised in regions of low recombination [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Here, we re-examine these patterns by using polymorphism and divergence data from the Drosophila dot chromosome, which has a long history of reduced recombination. To avoid confounding selection and demographic effects, we collected these data from a species with an apparently stable demographic history, Drosophila americana. We find that D. americana dot loci show several signatures of ineffective purifying and positive selection, including an increase in the rate of protein evolution, an increase in protein polymorphism, and a reduction in the proportion of amino acid substitutions attributable to positive selection.
Genetic recombination associated with sexual reproduction is expected to have important consequences for the effectiveness of natural selection. These effects may be evident within genomes, in the form of contrasting patterns of molecular variation and evolution in regions with different levels of recombination. Previous work reveals patterns that are consistent with a benefit of recombination for adaptation at the level of protein sequence: both positive selection for adaptive variants and purifying selection against deleterious ones appear to be compromised in regions of low recombination [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Here, we re-examine these patterns by using polymorphism and divergence data from the Drosophila dot chromosome, which has a long history of reduced recombination. To avoid confounding selection and demographic effects, we collected these data from a species with an apparently stable demographic history, Drosophila americana. We find that D. americana dot loci show several signatures of ineffective purifying and positive selection, including an increase in the rate of protein evolution, an increase in protein polymorphism, and a reduction in the proportion of amino acid substitutions attributable to positive selection.
Results and Discussion
The ''dot'' chromosome of the genus Drosophila is likely to have experienced low levels of recombination throughout its history because, as a result of its small size, much of it lies near the recombination-suppressing centromere [12] . Comparisons of protein-sequence evolution at dot chromosome loci with those from recombining regions of the genome can therefore reveal the long-term consequences of a lack of recombination. In this work, we collected and analyzed polymorphism and divergence data from 14 dot chromosome loci from Drosophila americana, a species in the virilis species group, and compared these results to previously published data from 18 loci found elsewhere in the D. americana genome [13] .
Low recombination regions have been previously shown to exhibit patterns consistent with a drastic reduction in effective population size; such patterns include low levels of genetic variability [1] [2] [3] [4] , no signal of adaptation at weakly selected synonymous sites [5] [6] [7] , and changes in the rate of protein evolution [5] , particularly adaptive protein evolution [8] [9] [10] [11] . However, demographic complexity specific to particular species can complicate interpretations of patterns of protein evolution [14] [15] [16] . Drosophila americana is therefore an especially good candidate for an examination of the effects of low recombination because there is little reason to expect any confounding effect of population structure [17, 18] or large demographic shifts in this species [13, 19] .
Low Recombination and Small Effective Population Size of Dot Chromosomal Loci
We first established that the D. americana dot chromosome does, in fact, have low recombination rates. This was necessary because the dot chromosome of D. virilis, a close relative of D. americana, is euchromatic, rather than largely heterochromatic, as in the D. melanogaster group [12] , and therefore may not show the suppression of crossing over associated with heterochromatin. Additionally, there is genetic evidence for recombination in the laboratory [20] . However, indirect evidence suggests that the dot chromosome in the D. virilis group experiences very little recombination: it shows an accumulation of transposable elements typical of low-recombination regions [21] .
To estimate levels of recombination on the dot chromosome, we used methods that infer recombination events from polymorphism data. We applied these methods to polymorphism data from the D. americana dot, which consisted of 30 alleles surveyed across 9385 nucleotide sites (2870 of these were silent sites) distributed over nearly 1 Mb of the dot chromosome (we assumed that the relative positions were similar to those in D. virilis: see Experimental Procedures). These data show a minimum of five recombination events [22] . We obtained a maximum-likelihood estimate of r, the population recombination rate (or 4N e times the recombination rate), of 5.25 3 10 26 /bp. Dividing r by q s (a measure of genetic diversity at synonymous sites) allows comparison of loci with different N e . These standardized estimates of recombination are 78-156 times higher for the genome-wide data set than for the dot chromosome (see the Supplemental Data available online). Because diversity at the dot loci is low (see below), there is little information from which to derive a quantitative estimate of the recombination rate; however, these results are consistent with a low (but non-zero) recombination rate, and gene conversion appears more likely than crossing over to produce the observed patterns (Supplemental Data). Similar results have been found for other Drosophila dot chromosomes [2] [3] [4] 23] .
Selection acting to fix beneficial alleles and eliminate deleterious ones simultaneously acts to remove variation at nearby loci [24] [25] [26] . In low-recombination regions, this ''interference'' due to selection at linked sites is expected to have substantial effects [25, 26] . Because the effects of interference are equivalent to a reduction in effective population size (N e ), they should be captured by measures of neutral genetic diversity (q s and p s ), whose expected values are 4N e times the neutral mutation rate. Consistent with this expectation, nucleotide site diversity on the D. americana dot is far lower than the genome-wide average ( Figure 1A) . From the loci surveyed, a total of 40 segregating sites were recovered (28 of these were at silent sites, and 22 were at synonymous sites). Average values for synonymous diversity were 10-to 17-fold lower than typical values for other autosomal loci in D. americana [13] , depending on the statistic used (mean q s dot = 0.0026 6 0.0005 versus mean q s nondot autosomal = 0.0270 6 0.003; mean p s dot = 0.00153 6 0.0005 versus p s nondot autosomal = 0.0257 6 0.003; see Table S1 for all summary statistics). This level of reduction is similar to that seen in other Drosophila species [3, 4, 10, 11, 23] . The probability that the observed difference in q s between dot and nondot loci is due to chance, calculated from the properties of the coalescent process [27] , is small. If the true values of q s for the dot and nondot loci were equal (i.e, if the dot q s were equal to 0.027), the probability of observing 28 or fewer segregating silent sites in the dot data set would be p z1.6 3 10
212 [27] .
Relaxed Purifying Selection on Dot Chromosomal Loci
Because selection cannot act effectively on alleles with selection coefficients smaller in magnitude than w1/N e , a severe reduction in effective population size might be reflected in a reduction in the efficacy of purifying selection. Accordingly, a significantly smaller fraction of sites on the dot chromosome used optimal codons (as measured by F op [28] ) than did sites in other autosomal loci (F op estimated for D. americana sequences, with means taken across loci and standard errors: F op dot = 0.404 6 0.022, F op nondot autosomal = 0.561 6 0.014; t = 6.04, p < 0.0001; Figure 1B ). Although F op is expected to be highly correlated with expression level, the observed difference in F op is unlikely to be caused by differences in expression levels because these are similar for dot and nondot loci (ExpL dot = 10.044 6 0.264, ExpL autosomal = 10.506 6 0.199, t = 1.395, p = 0.20). We further asked whether dot chromosome loci show evidence of relaxed purifying selection on amino acid sites. Such a pattern is expected if, like synonymous codons, many amino acid mutations are weakly selected against, so that amino acid variants are kept at low frequencies in regions of high recombination but rise to high frequencies or become fixed in regions of low recombination. We examined dot chromosome loci for an elevated rate of protein sequence evolution compared to that of nondot loci. Because we are comparing regions with different levels of polymorphism, divergence estimates based on a single sequence from each species could be artifactually high in high-diversity regions. We therefore used a pairwise divergence estimator, which averages over all available sequences; however, the result does not depend on which statistic is used (Supplemental Data). Figure 1C ). Although the difference between dot and nondot D. americana-D. ezoana K A /K S values is not statistically significant, this similarity appears to be due to elevated K S values on the dot, rather than similar K A values (K S dot = 0.194 6 0.0216, K S nondot = 0.135 6 0.0143, t = 2.28, permutation p = 0.03; K A dot = 0.0388 6 0.0128, K A nondot = 0.0094 6 0.0031, t = 2.23, permutation p = 0.03). Note that the elevated K S on the dot is consistent with the low optimal codon usage discussed above.
Although the above patterns are consistent with the idea that relaxed purifying selection results in the fixation of slightly deleterious amino acid variants on the dot chromosome, it is conceivable that they could instead be due to a higher rate of fixation of beneficial mutations on the dot. Using polymorphism data, we can distinguish between these possibilities. We first note that, compared with other loci, the D. americana dot loci show elevated levels of replacement relative to silent polymorphism. The ratio of numbers of replacement to silent polymorphisms (P A /P S ) on the dot is more than 6-fold higher than that for a genome-wide sample of other loci and more than 7-fold higher than that for other autosomal loci (Fisher's Exact Test p < 0.00003, for both; Figure 1D ). This pattern is consistent with, but more dramatic than, differences in P A /P S between low-and high-recombination regions in other species (e.g., there is a 2-fold difference between low-and highrecombination regions in D. melanogaster, from data in [10] ). Unlike the 17-fold reduction in p S , the D. americana dot linked loci show only a 2-fold reduction in p A compared to other autosomal loci, consistent with the action of weak purifying selection against polymorphic amino acid variants [29] . Estimates of the average strength of purifying selection (see Equation 8b of [29] ) acting on segregating amino acid variants are N e s z 4 for dot loci and N e s z 29 for nondot autosomal loci. Provided that the two sets of loci experience similar levels of functional constraints, these results suggest that selection against amino acid variants is compromised in low-recombination regions.
Lower Prevalence of Adaptive Protein Evolution at Dot Chromosome Loci By using both polymorphism and divergence data, we can estimate a, the proportion of replacement substitutions in excess of the neutral expectation, which is usually interpreted as the proportion of amino acid substitutions caused by positive selection. A simple estimator of a [30] yields an estimate for the dot of a dot = 20.1805. The negative estimate of a may reflect the presence of many mildly deleterious replacement polymorphisms on this chromosome (although bootstrapping indicates that the estimate does not differ significantly from zero). Compared to the estimate for the dot loci, a estimates for the nondot loci are significantly higher (a nondot = 0.702, p = 0.0001 from 10,000 permutations of the data between dot and nondot categories; a nondot autosomal = 0.643, p = 0.0001). This is consistent with reduced levels of adaptive substitution on the dot chromosome relative to other loci.
We also used a maximum-likelihood approach [31] to investigate differences between a estimates. We compared the fit of a model in which a had a single value at all loci to a model in which a differed between dot and nondot loci. We found that the two-a model provided a significantly better fit (lnL1a = 2432.015 versus lnL-2a = 2428.392, L = 7.246, p = 0.007; excluding X-linked loci: lnL-1a = 2271.801 versus lnL-2a = 2269.419, L = 4.765, p = 0.03). In addition, the maximum likelihood a estimate for the dot is significantly lower than that for nondot loci (a dot = 20.1809 versus a nondot = 0.7037; p = 0.001 from 10,000 permutations of the data; a nondot autosomal = 0.6431, p = 0.001; and the 95% confidence intervals of the dot and nondot a estimates do not overlap [ Figure 1E] ).
Under conditions with weak purifying selection acting alone, a simple reduction in N e , such as that seen on the dot, can by itself alter a without any reduction in the prevalence of positive selection [32] . But under a broad range of assumptions, the expected effect on a is in the opposite direction to that seen here [32] . Changes in demography can also affect a estimates [15] but are unlikely to explain the differences observed here. There is little reason to expect that D. americana has experienced such changes [3, 22] , and the demographic histories of dot and nondot autosomal loci should be similar. In any case, the lower a estimate for dot-linked loci excludes the possibility that the elevated K A for dot loci is due to an elevated rate of adaptive substitution on the dot chromosome.
Implications for the Evolution of Low-Recombination Regions
The higher rates of amino acid evolution for dot-linked loci suggest that slightly deleterious alleles are being fixed on the dot chromosome but do not necessarily imply that genes on this chromosome are suffering ongoing deterioration toward complete loss of function, as can happen for Y-linked genes. Indeed, the dot chromosome has persisted throughout the Drosophila genus without apparent deterioration. The high rate of protein evolution probably reflects instead a broader range of effectively neutral mutations with effects smaller than j1/N e j [29, 33] , with both forward (slightly deleterious) and backward (slightly beneficial) mutations being fixed so that approximate statistical equilibrium is maintained [34] . The equilibrium mean fitness under this process, however, is likely to be reduced in low-recombination regions as a result of both an increased rate of fixation of slightly deleterious variants and higher levels of segregating deleterious variation [34, 35] .
The lower a estimates for the dot suggest that dot-linked loci may be failing to respond to positive selection as effectively as other loci. If this is the case, dot-linked loci may gradually be declining in their level of adaptation as the environment changes, unless loci elsewhere in the genome are able to compensate for the lack of adaptive evolution on the dot chromosome.
Potential Causes of Reduced Variation on the Dot
Interference due to selection that acts on many closely linked sites [24] is presumably the reason why selection is less effective and variation lower on the dot chromosome. However, interference can reduce variation by at least two mechanisms, hitchhiking [26] and background selection [36] . Both act by reducing the effective population size, which, in turn, diminishes the effectiveness of selection as measured by N e s. Hitchhiking is a consequence of adaptive evolution; when a favorable variant begins to sweep through a population, N e at linked sites is reduced to 1. Background selection, in contrast, is due to the continual occurrence of deleterious mutations; as these mutations are removed from the population, N e at linked sites is reduced by an amount corresponding to the equilibrium fraction that carries at least one mutation in the population [25] .
Both these models can qualitatively explain the observed reduction in nucleotide diversity and excess of rare synonymous variants at dot loci; the latter is reflected in the (nonsignificantly) negative Tajima's D (T D = 21.328 for concatenated dot loci; p = 0.09 from 10,000 coalescent simulations without recombination conditioned on mean dot q s = 0.0025). However, neither model in its simplest form appears able to explain the data quantitatively. Coalescent simulations show that a single ''catastrophic'' sweep is not compatible with the observed values of q s and D, unless mutation rates for the dot are substantially lower than for other autosomes (Supplemental Data). Similarly, calculations based on a simple background-selection model and reasonable parameter values for Drosophila [29] predict that the dot chromosomes should have around 1000-fold lower variation than other autosomes [34] , rather than the 10-to 17-fold lower value observed. A recently developed modification of the background-selection model, however, predicts a depression in variability on the dot that is close to the observed level [34] . This model takes into account interference between relatively strongly selected mutations in low-recombination regions. When there is a large number of closely linked sites subject to selection against deleterious mutations, there is selective interference among these sites, which reduces the effective intensity of selection that they experience. This, in turn, reduces their effects on nearby neutral and weakly selected sites, so that higher levels of polymorphism are maintained than under the standard background-selection model [34] .
Comparison to Y-Linked Loci
Non-recombining Y chromosome loci show patterns similar to those seen for dot chromosome loci, suggesting that they also suffer from inefficient purifying selection and little adaptive evolution [37] [38] [39] [40] . However, Y-linked loci have characteristics other than a lack of recombination, and these other characteristics may also contribute to a reduced efficacy of selection. One possible contributing factor is that, even when the Y chromosome does not suffer from the effects of selection at linked sites, its N e is expected to be only one-fourth that of the autosomes. Furthermore, there are several reasons to think that Y-linked loci might be especially likely to show the effects of interference among linked sites under selection. First, Y-linked genes can degenerate completely without causing large fitness losses because their homologs on the X chromosome can perform their functions instead [37] . Second, the neo-Y chromosome of D. miranda may have experienced a recent chromosome-wide selective sweep [41] . Finally, compared to the large neo-Y or newly evolved true Y chromosomes, where these patterns have primarily been documented [39, 40] , the dot chromosome has many fewer genes, greatly reducing the impact of background selection [34] . Our results show that genes can suffer from a lack of recombination even without unusual selection regimes or extremely large regions with close linkage.
Experimental Procedures
Fly Cultures Drosophila americana stocks were kindly provided by B.F. McAllister. We studied two populations, for which we used 14 lines of HI99, collected from eastern Missouri, and 18 lines from DI05, collected from western Illinois, USA. (Both populations are near the center of the range for the species and carry a high frequency of the X-4 fusion that is specific to D. americana americana, rather than the free-4 karyotype typical of D. americana texana; see http://www.biology.uiowa.edu/mcallister/bfm_flies.html). D. ezoana stocks were obtained from the Tucson Drosophila Stock Center in Tuscon, Arizona. All flies were maintained on standard banana medium.
Sequence Data D. americana and D. ezoana loci were sequenced as described in the Supplemental Data. D. virilis data were obtained from the Drosophila 12 genome sequencing project (data are available from http://www.eugenes. insects.org). A total of 14 dot loci were obtained from D. americana; 11 of these were successfully amplified and sequenced in D. ezoana. The mean length of the sequenced coding region was 607 bp, and the mean number of alleles sampled was 30. To avoid possible difficulties in comparing loci from different subspecies, we restricted our analysis of previously published data [3] to populations of D. americana americana, which previous analyses suggest show little population subdivision [17, 18] .
Population Genetic Analysis
Because there was little differentiation between the two populations of D. americana (DI and HI), both populations were analyzed together. Estimates of the recombination rate were obtained from [42] as described in the Supplemental Data. All other analyses were performed on a locus-bylocus basis, and a single allele was used from each strain. Standard population genetic analyses, including calculation of summary statistics and coalescent simulations, were performed withg DnaSP [43] . These values were compared between the dot and nondot categories via permutation tests, and p values were calculated from 10,000 randomizations of the data sets.
Optimal Codon Usage and Expression Levels
To compare a between dot and nondot loci, we used an estimator in which synonymous and nonsynonymous divergence and polymorphism values are summed across loci [30] . We also compared a values by using a maximum-likelihood method, an extension of a previously published method [31] . For both single-and two-a models, separate values of the three nuisance parameters (expected synonymous diversity, divergence, and selective constraint) were assigned to the dot and nondot loci (giving six nuisance parameters in total). For the permutation test, the assignment of the two a parameters among the loci was varied at random. Software is available at (http://tree.bio.ed.ac.uk/software/mktest/). Statistical analyses were performed in R (http://www.r-project.org). See Supplemental Data for more details.
Accession Numbers
Alignments for 14 D. americana dot loci have been deposited at Genbank under accession numbers FJ803368-FJ803800.
Supplemental Data
Supplemental Data include Supplemental Results and Experimental Procedures, two figures, and one table and can be found with this article online at http://www.current-biology.com/supplemental/S0960-9822(09)00749-0.
